Use of the fuel oxygenate methyl tert-butyl ether (MTBE) has led to widespread environmental contamination. Anaerobic biodegradation of MTBE observed under different redox conditions is a potential means for remediation of contaminated aquifers; however, no responsible microorganisms have been identified as yet. We analyzed the bacterial communities in anaerobic-enriched cultures originating from three different contaminated sediments that have retained MTBE-degrading activity for over a decade. MTBE was transformed to tert-butyl alcohol and the methyl group used as a carbon and energy source. Terminal restriction fragment length polymorphism (T-RFLP) analysis of bacterial 16S rRNA genes showed that the MTBE-utilizing microcosms established from different sediment sources had substantially different community profiles, suggesting that multiple species are capable of MTBE biodegradation. The 16S rRNA genes from one enrichment culture were cloned and sequenced. Phylogenetic analysis showed a diverse community, with phylotypes belonging to the Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi and Thermotogae. Continued enrichment on MTBE further reduced the community to three predominant phylotypes, as evidenced by T-RFLP analysis, which were most closely related to the Deltaproteobacteria, Firmicutes and Chloroflexi. These three common operational taxonomic units were detectable in the enrichments from Atlantic and Pacific coastal samples. Identification of the microorganisms important in mediating anaerobic MTBE transformation will provide the foundation for developing tools for site assessment and bioremediation monitoring.
Introduction
Methyl tert-butyl ether (MTBE) is a volatile colorless liquid, synthesized from methanol and isobutylene. First used in the late 1970s, MTBE production in the United States peaked in 1999 at over 9200 million kg year À1 (Häggblom et al., 2007) . In the United States, up to 15% by volume of MTBE was added to gasoline to increase octane and reduce hazardous combustion emissions (Franklin et al., 2000) . Over many years of heavy use, MTBE has become a significant contaminant in groundwater, requiring remediation due to its persistence in the environment (Squillace et al., 1999; Ayotte et al., 2005; Heald et al., 2005) . In contrast to other fuel components, MTBE is highly water soluble and has a low Henry's Law constant and soil adsorption coefficient, causing it to migrate rapidly throughout a water system once dissolved and making common fuel spill-remediation techniques less efficient for removing MTBE (US Environmental Protection Agency, 2000) . Thousands of aquifers in the United States have MTBE contamination, sometimes resulting in municipal water supply closings (Environmental Working Group, 2005; US Environmental Protection Agency, 2006) . Cost estimates of MTBE cleanup from US public water supplies range from $4-85 billion (AWWA, 2005) . Current guidelines for MTBE regulations in drinking water reflect that MTBE is a skin and respiratory irritant and has an unpleasant taste and odor, detected at concentrations as low as 1 mg L considered a possible human carcinogen (US Environmental Protection Agency, 1993) and has been associated with reproductive mutations in aquatic wildlife (Moreels et al., 2006) . The tertiary carbon structure and stable ether bond make MTBE resistant to microbial transformation. Initial reports demonstrated biodegradation under aerobic conditions (Salanitro et al., 1994) and eventually anaerobic MTBE biodegradation was discovered in several studies under a variety of different redox conditions (Suflita & Mormile, 1993; Mormile et al., 1994; Wilson et al., 2000; Bradley et al., 2001 Bradley et al., , 2002 Finneran & Lovley, 2001; Somsamak et al., 2001 Somsamak et al., , 2005 Somsamak et al., , 2006 Fischer et al., 2005; Pruden et al., 2005; Wei & Finneran, 2009) . Although complete loss and mineralization of MTBE has been demonstrated, MTBE is typically transformed to tert-butyl alcohol (TBA), which persists. To date, very little is known about the anaerobic MTBE degradation process and none of the responsible organisms have been identified or isolated as yet.
For anaerobic biodegradation to be a reliable method of natural attenuation or enhanced biodegradation of contaminated aquifers, we need more detailed information about the microorganisms mediating the process. To this end, anaerobic sediment enrichment cultures supplemented with MTBE as the sole carbon source for over a decade were subjected to molecular community analyses in order to gain a preliminary identification of the bacterial species that mediate MTBE degradation. Previous studies had shown that the methyl group of MTBE serves as a carbon source for either methanogenic or sulfidogenic enrichment cultures (Somsamak et al., 2001 (Somsamak et al., , 2005 , and that O-demethylation in these cultures is mediated by bacteria (Youngster et al., 2008) . Terminal restriction fragment length polymorphism (T-RFLP) analysis in combination with clone analysis thus focused on identifying the bacterial phylotypes enriched on MTBE.
Materials and methods

Enrichment cultures and growth conditions
Anaerobic enrichment cultures were originally established with 10% sediment (v/v) from the Arthur Kill Inlet (AK) between New Jersey and New York, Graving Dock (GD) in the San Diego Bay or the New York Harbor (NYH) (Somsamak et al., 2001 (Somsamak et al., , 2005 . The enrichment cultures were maintained over several years using a strict anaerobic technique under methanogenic or sulfidogenic conditions (120 mM sulfate) and were repeatedly transferred, at 6-12-month intervals and usually at a 1 : 10 dilution, into fresh medium and enriched with MTBE (Aldrich, Milwaukee, WI) as the sole carbon source at a concentration of 500 mM. Cultures were maintained in 10-100-mL glass serum vials capped with Teflon-coated stoppers and aluminum crimp seals and incubated at 28 1C. The concentration of MTBE was monitored regularly using GC with flame ionization detection (Somsamak et al., 2001 ). MTBE transformation rates varied for the different cultures and samples were taken during transfer intervals and frozen for later analysis. Select enrichment cultures, representing up to 10 À7 dilutions of the original enrichments, were chosen for DNA extraction and microbial community analysis.
DNA extraction and whole-genome amplification DNA was extracted from culture samples using the Power Soil DNA extraction kit (MO BIO, Carlsbad, CA) following the manufacturer's directions. For each culture sample, DNA was extracted from the community after approximately 50% MTBE degradation after the most recent spike in substrate. The quantity of DNA extracted from most samples was insufficient for direct PCR amplification of 16S rRNA genes; thus, whole-genome amplification was performed on the extracted DNA samples using the illustra GenomiPhi V2 Genomic amplification kit (GE Healthcare, Piscataway, NJ) following the protocol supplied by the manufacturer for amplification of template DNA. Wholegenome amplification increased the DNA concentration 400-700-fold, producing sufficient genomic DNA for PCR amplification. The products of whole-genome amplification were used for all downstream analyses. Select samples with sufficient DNA for direct PCR amplification were analyzed with and without the whole-genome amplification step. DGGE analysis following the protocol of Vetriani et al. (1999) indicated very similar profiles and thus that the potential bias introduced by this preamplification step did not substantially skew the community profiles (data not shown). Although this necessary preamplification step has the potential to introduce some bias, multiple displacement amplification is a method of whole-genome amplification that has been shown to create less bias than other methods (Pinard et al., 2006) .
16S rRNA gene amplification and T-RFLP
PCR with universal bacterial primers, 5 0 -end 6-FAM-labeled 27F (forward) and 519R (reverse), was used to amplify 16S rRNA genes from genomic DNA (Knight et al., 1999) . PCR products were digested with MnlI at 37 1C for 3 h. Digested samples were precipitated and resuspended in formamide with a ROX standard and denatured at 95 1C (Gallagher et al., 2005) . Samples were analyzed on an ABI 310 automated sequencer (Applied Biosystems Instruments, Foster City, CA), which generated the T-RFLP fingerprint for each community. A minimum peak height cut-off value of 50 fluorescence units was used for identifying T-RFs.
Communities were compared using the Sørensen pairwise similarity coefficient (Murray et al., 1998) .
Cloning and sequencing
A methanogenic enrichment culture established with AK sediment and transferred seven times was selected for clone analysis because T-RFLP analysis showed that this culture consisted of relatively few major T-RFs compared with other cultures and previous generations of cultures from the same sediment. The 16S rRNA genes from this culture were amplified by PCR with 27F and 519R primers (Lane, 1991) . The PCR products were cloned using the TOPO-TA cloning system (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendation. Plasmids were transformed in One Shot TOP10 chemically competent Escherichia coli (Invitrogen). Transformed cells were plated on Luria-Bertani (LB) agar plates containing 75 mg mL À1 ampicillin with 40 mL X-gal per plate. One hundred white colonies were picked and grown overnight in LB media containing 100 mg mL À1 ampicillin. Plasmid DNA was extracted from 1 mL of culture using the Purelink Quick Plasmid miniprep kit (Invitrogen). PCR amplification of the 16S rRNA gene insert was performed using 5 0 -end 6-FAM-labeled 27F and 519R primers for T-RFLP analysis, as described above, to identify unique clones. The complete insert from unique 16S rRNA gene sequences was amplified using M13F and M13R primers (Invitrogen). Nucleotide sequencing of unique clones was performed by Genewiz Inc. (North Brunswick, NJ). Rarefaction analysis was conducted using the ANALYTIC RAREFACTION software (version 1.3; S.M. Holland, University of Georgia, Athens, GA; http://www.uga.edu/strata/soft ware).
Phylogenetic analysis
The Ribosomal Database Project II SeqMatch tool (http:// rdp.cme.msu.edu) was used to characterize the rRNA sequences obtained in this study and identify closely related genes. The type strains of species most closely related to each clone were selected. The sequences of two uncultured organisms were included because they were similar to the 206 bp clone, which did not share a high degree of sequence identity with any type strain or cultured organism. All 16S rRNA gene sequences were aligned using the CLUSTALX software (Thompson et al., 1997) . Phylogenetic reconstruction was performed with 309 bp of an unambiguously aligned 16S rRNA gene sequence with the PHYLO_WIN program (Galtier et al., 1996) using the neighbor-joining method with Jukes-Cantor distances and 1000 bootstrap replications. The final tree was viewed using the NJPLOT TREE DRAWING program (Perrière & Gouy, 1996) . The partial 16S rRNA gene sequences are deposited in GenBank under accession numbers FJ587233-FJ587239.
Results
Enrichment on MTBE as the sole carbon source
Anaerobic sulfidogenic and methanogenic enrichment cultures from New York-New Jersey Harbor estuary (AK and NYH) and San Diego Bay (GD) area sediments were previously shown to utilize the methyl group of MTBE as a carbon source with concomitant sulfate reduction or methanogenesis, respectively (Somsamak et al., 2001 (Somsamak et al., , 2005 . These enrichment cultures were subsequently maintained with repeated feeding of MTBE as the sole carbon source, and sequential transfer every 6-12 months into fresh medium for a total dilution of 10 À3 -10 À7 of the original cultures.
MTBE utilization was sustained over this enrichment period. A typical time course of MTBE transformation to TBA is shown in Fig. 1 . Although the mass balance of MTBE and TBA did not completely close, we have not observed any substantial utilization of TBA over the enrichment period of several years.
T-RFLP community analysis --AK enrichment
Previous characterization of these enrichment cultures provided strong evidence that the initial attack on MTBE was mediated by bacteria (Youngster et al., 2008) . Furthermore, although carbon flow was ultimately coupled to sulfidogenesis or methanogenesis, inhibition of the terminal electronaccepting processes did not inhibit the initial transformation of MTBE (Somsamak et al., 2005 (Somsamak et al., , 2006 . Comparative analysis of the bacterial community by T-RFLP provided information on the selection of specific operational taxonomic units (OTUs) after enrichment with MTBE as the sole carbon source. Figure 2 shows the T-RFLP fingerprints of 16S rRNA genes (following digestion with Mnl1), illustrating the change in the methanogenic AK enrichment community following three, five and seven consecutive transfers. The number of T-RF peaks (OTUs) ranged from over 120 in the 10 À3 dilution to 14 in the 10 À7 dilution. These community profiles after consecutive transfers of the AK sediment enrichment illustrate a decrease in community complexity over time, as expected, as the culture was enriched on MTBE. The 177-, 106-and 206-bp terminal fragments were the only peaks that persisted or increased in relative abundance over time. In the 10 À7 transfer, the predominant phylotypes accounted for 90% of the peak abundance. Particularly notable is the increase in the relative abundance of the 206-bp fragment from 12% to 64% of the total T-RF peak intensity. The bacterial species corresponding to the 177-and 106-bp T-RFs were stably maintained in the community, while the species represented by the 206-bp T-RF significantly increased in prevalence during enrichment with MTBE as the sole carbon source. The abundance of all other bacteria originally present in the MTBE enrichment culture was highly reduced, making up only 10% of the total T-RFLP peak intensity after enrichment as estimated from the T-RF areas if we assume a nearly equal number of 16S rRNA genes (Kerkhof & Speck, 1997) and little bias associated with DNA extraction (Kerkhof & Ward, 1993) or PCR amplification/T-RFLP profiling (McGuinness et al., 2006) .
Cloning and phylogenetic analysis
To identify the bacteria associated with different T-RFs, a clone library was created, screened and sequenced. Before sequencing, T-RFLP analysis of 100 clones from the 10 À7 AK enrichment culture identified seven unique 16S rRNA gene phylotypes. The rarefaction curve indicates a low probability of discovering additional phylotypes through continued sampling (Fig. 3) . T-RFLP fragment lengths for the clones were 106 (35 clones), 128 (five clones), 177 (22 clones), 206 (25 clones), 237 (eight clones), 250 (four clones) and 293 bp (one clone), respectively. The T-RFLP fingerprints of the individual clones matched all the predominant terminal fragments of the community fingerprints of the AK enrichment culture, indicating that all predominant bacterial phylotypes of the culture were identified. The other phylotypes representing the T-RFs observed in low abundance by T-RFLP (Fig. 2) were not recovered in the clone library. The phylogenetic tree (Fig. 4) Deltaproteobacteria, the 250 and 128 bp clones with Thermotogae, the 237 bp clone with Alphaproteobacteria and the 293 bp clone with Bacteroidetes. Comparison of T-RFLP fingerprints after three, five and seven consecutive transfers indicates that enrichment on MTBE was leading to a prevalence of bacteria of the phyla Firmicutes, Deltaproteobacteria and Chloroflexi. The closest described species to the Firmicutes clone is Anaerococcus prevotii, with 95% sequence identity of 516 bp compared. The closest described species to the Deltaproteobacteria clone is Geobacter metallireducens, with 90% homology when 540 bp are compared. The Chloroflexi clone did not show close homology with any cultured species in the phylum. This clone had 79% similarity to Dehalococcoides ethenogenes of 488 bp compared. The closest 16S rRNA gene sequence found was that of an uncultured salt marsh bacterium (GenBank accession AY711255), which shared 96% similarity to the clone when 416 bp were compared.
Comparison of bacterial communities enriched on MTBE --AK, GD and NYH sediments
Cultures of three different sediments, AK, GD in the San Diego Bay and NYH, maintained with MTBE as the sole carbon source under either sulfidogenic or methanogenic conditions, were compared to determine whether similar bacterial communities were enriched over time. Interestingly, the T-RFLP profiles of the methanogenic enrichments established from GD, AK and NYH sediments all displayed substantially different major T-RF peaks (Fig. 5 ). There were few peaks in common and no site shared predominant peaks at comparable levels of dilution. All three communities shared a peak at 177 bp; however, this T-RF was only a very minor component of the GD profile. The GD community was 36% similar to the AK community and the two shared a 206 bp peak (Chloroflexi); however, this T-RF was absent in the NYH profile. The NYH community was 35% similar to the AK community and the two shared a 106 bp peak (Firmicutes), but this T-RF was quite minor in the NYH profile and absent from GD. Figure 6 compares the corresponding transfers of methanogenic and sulfidogenic cultures from GD and NYH. All cultures were transferred in the same mineral salts medium, either without or with 20 mM sulfate. A high degree of similarity was seen between the sulfidogenic and the methanogenic NYH and GD enrichment cultures, 70% and 75%, respectively. This suggests that the electron-accepting condition did not substantially influence the bacterial communities that were enriched on MTBE.
Discussion
Anoxic conditions are common in gasoline-polluted groundwater; therefore, anaerobic MTBE degradation is potentially an important means of remediation (McMahon & Chapelle, 2008) . Although anaerobic degradation of MTBE is now well established, many studies attempting to promote anaerobic MTBE degradation have yielded negative results or observed degradation in only a few of many established cultures (Suflita & Mormile, 1993; Borden et al., 1997; Somsamak et al., 2001; Chen et al., 2005; Fischer et al., 2005; Martienssen et al., 2006) . This suggests that the organisms responsible for anaerobic MTBE degradation or the conditions necessary for the process are sparsely distributed, even in contaminated soils and sediments. The MTBE degradation process in the cultures in this study is a transformation resulting in the accumulation of TBA, which is not a desirable endpoint. However, MTBE transformation to TBA is observed at a number of sites, and therefore an understanding of this process is critical for monitoring and assessment of contaminated aquifers.
Here, we present an initial characterization of the bacterial communities of anaerobic MTBE-degrading cultures enriched from different sediments of the New York-New Jersey Harbor estuary and San Diego Bay (Somsamak et al., 2001 (Somsamak et al., , 2005 . We previously found that the characteristics of the cultures suggest that acetogenic bacteria mediate the initial ether cleavage and utilization of the methyl group. Propyl iodide caused light-reversible inhibition of MTBE degradation, suggesting that the MTBE-degradation process was corrinoid dependent (Youngster et al., 2008) . Furthermore, rifampicin, a bacterial protein synthesis inhibitor, prevented anaerobic MTBE degradation (Youngster et al., 2008) , while inhibitors of methanogenesis or sulfidogenesis did not completely block anaerobic MTBE utilization (Somsamak et al., 2005) . Methanogens or sulfidogens may, however, facilitate MTBE degradation perhaps by utilizing the products of the acetogenic metabolism, and the overall carbon flow in these cultures was eventually coupled to methanogenesis or sulfate reduction, respectively (Somsamak et al., 2001 (Somsamak et al., , 2006 . Analysis focusing on the bacteria community demonstrated that sulfidogenic and methanogenic enrichment cultures enriched from a site (Fig. 6 ) had a very similar community structure, suggesting that the electron-accepting condition did not substantially influence the bacterial communities that were enriched on MTBE. T-RFLP fingerprints of the anaerobic enrichment cultures after several transfers revealed how enrichment on MTBE, as expected, reduced the complexity of the microbial community. From the AK sediment, three dominant phylotypes were enriched and the extent of purification suggests that one or more of these mediates the initial attack on MTBE and uses the methyl group as a carbon source. These clustered with the phylum Deltaproteobacteria (177 bp clone), the Chloroflexi (206 bp clone) and Firmicutes (106 bp clone). Wei & Finneran (2009) recently also reported that members of the phyla Firmicutes and Deltaproteobacteria were abundant in anaerobic MTBE-degrading cultures enriched from a contaminated aquifer. Members of the Deltaproteobacteria are well known for fermentation of different substrates (Kersters et al., 2006) . The Firmicutes contains several organisms that are known to O-demethylate aryl-methyl ethers, such as Acetobacterium woodii, Eubacterium limosum and Syntrophococcus sucromutans (Frazer, 1994) . However, the Firmicutes clone discovered in this study was very distantly related to known members of the phyla, with 77-79% similarity to 16S rRNA genes from these organisms. The Chloroflexi, which contains the clone that is most heavily selected for by enrichment on MTBE, is a metabolically diverse group, with representatives widely distributed in the environment (Hanada & Pierson, 2006) . Based on phylogeny, we are thus unable to conclusively determine which of these organisms is responsible for MTBE degradation in the enrichment cultures, or whether all three are responsible. Knowledge of the predominant markers should allow for targeting the enrichment and selection of the MTBE-degrading organism(s).
The continued presence of these multiple T-RF peaks, even after several years with MTBE as the sole carbon source and seven transfers, suggests that interspecies interactions of a consortium may be required for appreciable anaerobic MTBE degradation to occur. Symbiotic relationships, where some species remove the transformation products created by the breakdown of an initial substrate, can improve the energetic efficiency of microbial degradation reactions. If acetogenesis is coupled to the anaerobic O-demethylation of MTBE, we expect that one species mediates the initial O-demethylation and acetogenesis and that acetate is then consumed by other members of the community. However, the lack of common predominant peaks in T-RFLP fingerprints of the different sediment (AK, NYH and GD) enrichment cultures indicates that there are likely several different MTBE-degrading organisms present at the different sites, although we cannot rule out that they may be phylogenetically related. Characterization of the MTBE-utilizing enrichment cultures was hampered by their very slow growth. Cultures could be transferred with a 1 : 10 dilution, at most, only every 6-12 months. Thus, even after close to 10 years of enrichment, cultures have only been diluted to 10 À7 of the original. The population density is very low, necessitating an initial whole-genome amplification of the DNA before PCR. Furthermore, the low population density contributes to the difficulty in sustaining anaerobic MTBE-degrading activity in cultures over successive transfers and dilutions. Clearly, as cultivation and analytical methods improve, it will be helpful to perform community analysis of sequential transfers and later generations of additional cultures to determine whether the findings of this study hold true in a wider sampling of cultures. Ultimately, a comprehensive understanding of the different microbial communities and how their activities can be enhanced is important for optimizing biodegradation conditions and identifying amendments that stimulate anaerobic MTBE degradation in situ. Identification of the microorganisms mediating anaerobic MTBE degradation should provide bioindicators for monitoring natural or enhanced in situ biodegradation in polluted environments. Molecular monitoring of the bacterial communities responsible for MTBE degradation can also be used in combination with stable isotope analysis (Hunkeler et al., 2001; Kolhatkar et al., 2002; Somsamak et al., 2005 Somsamak et al., , 2006 Zwank et al., 2005; McKelvie et al., 2007; Busch-Harris et al., 2008) for site assessment. This research is important for gaining an understanding of different microbial processes and how these processes, and thus the remediation, are affected by different amendments and other engineering approaches.
